Abstract: Stormwater management techniques in urban areas, such as sustainable urban drainage systems (SuDS), are designed to manage rainwater through an infiltration process. In order to determine the infiltration capacities of different SuDS and to identify their unsaturated hydraulic properties, measurements with the Beerkan method (i.e., single ring infiltration tests) were carried out on four types of common infiltration structures in an urban zone of Lyon (France): A drainage ditch with an underlying storage structure, a parking lot with a waterproof pavement that transfers runoff water toward the ditch, a vegetated hollow core slab, and an embankment of a grass-covered garden that was used as a reference for rainwater infiltration capacity. The novelty of this study lies in the use of three Beerkan estimation of soil transfer parameters (BEST) algorithms: BEST-slope, BEST-intercept, and BEST-steady to analyze infiltration data. The BEST methods are based on the analysis of the infiltration rate from transient to steady-state flow. They allow the determination of both shape and scale parameters of the soil water retention curve h(θ) and the hydraulic conductivity curve K(θ). The three BEST methods are efficient and simple for hydraulic characterization of SuDS. The study of the hydrodynamic behavior of the four structures revealed the infiltration inefficiency of some of them. Their average infiltration rates are considerably lower than the reference infiltration rain garden. The results confirmed the impact of some physical conditions, such as pore structure modification due to invasive vegetation colonization and the presence of soil organic matter, on soil hydrodynamic behavior degradation.
Introduction
The guidelines for urban stormwater management have undergone several changes over the course of time. They were based first on hydraulic and hygienist premises, which consist of quick evacuation of stormwater toward natural aquatic environments through separate or combined sewer systems. These conventional drainage systems only consider water quantity management issues, and they are economically and ecologically costly. Growth of waterproofed surfaces, as well as climate change, has generated an important rise in flood events in urban areas because of the limited capacity of sewage networks. Diverse activities pursued in cities produce a large variety of pollutants that are disposed in air and on surfaces. They can be organic, such as hydrocarbons, oils, and grease; inorganic, such as metals and dissolved nutrients; or pathogenic microorganisms, such as bacteria and viruses [1] [2] [3] . All of these contaminants end up in the receiving water bodies [4] [5] [6] .
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where θ r and θ s (L 3 L −3 ) are the residual and saturated volumetric water contents, respectively. θ r is assumed to be zero. K s (L T −1 ) is the saturated hydraulic conductivity; n, m, and η are the shape parameters; and h g is the pressure head scale parameter of h(θ) calculated from the sorptivity, as follows:
where θ 0 is the initial volumetric water content and c p is a constant derived by Haverkamp et al. (1999) [23] :
where Γ is the incomplete gamma function. There are three different BEST methods to estimate parameters K s and S: BEST-slope [18] , BEST-intercept [24] and BEST-steady [25] . They differ according to the fitting method of infiltration equations to experimental data.
By using the parameters K s and S obtained by the three BEST methods, the macroscopic capillary length scale λ c (L) and the average characteristic size of hydraulically activated pores λ m (L) can be calculated by using the equations of White and Sully (1987) [26] and Warrick and Broadbridge (1992) [27] :
where b is a constant depending on soil water diffusivity function, and it is frequently considered that b = 0.55. θ i and θ f are the initial and final volumetric water contents, respectively. σ is the surface tension of water (σ = 73 mN m −1 ), ρ w is water density, and g is the acceleration due to gravity. The BEST methods have been successfully used to characterize different soils with different textures. Lassabatere et al. (2006) [18] applied the method on three different types of soils: An agricultural soil, a sandy soil, and a fluvioglacial deposit. Acceptable estimations of the hydraulic parameters were provided for the three soils. Yilmaz et al. (2010) [24] used the BEST method to define unsaturated hydraulic properties of a Basic Oxygen Furnace (BOF) slag in order to study the impact of spatial heterogeneity and follow its evolution through time. Bagarello et al. (2012) [28] used the BEST method to estimate the soil water retention curve of 199 Sicilian soils and discussed the efficiency of the method by comparing the results to reference soils from a known database. The study concluded that BEST water retention model can be appropriate for most soils. Di Prima et al. (2015) [17] used a Beerkan automatic device combined with the BEST algorithms to study the hydraulic properties of three agriculture soils. The results showed that the BEST methods can be a good substitute to laboratory measurements to define the hydraulic properties of soils.
In this study, the BEST methods were applied to four current urban stormwater management structures located in Lyon (France) in order to evaluate their infiltration capacity and identify possible malfunctioning through the study of their hydrodynamic parameters and curves. The studied structures include: (i) A drainage ditch with an underlying storage structure, (ii) a parking lot with a waterproof pavement that transfers runoff water toward a ditch, (iii) a vegetated hollow core slab, and (iv) an embankment of a grass-covered garden that was used as a reference for rainwater infiltration capacity. The observations and conclusions related to these structures cannot be generalized. The hydrodynamic functioning of each SuDS depends on multiple intrinsic conditions such as PSD, water content, vegetation cover, etc. Similar functioning cannot be expected for two SuDS of the same design. The main objective of this paper is to evaluate the convenience of using the BEST methods to determine the characteristic hydrodynamic parameters of SuDS in order to monitor their efficiency. The impact of erosion and some other physical conditions influencing the infiltration capacity of SuDS are discussed through the obtained results. A comparison of the outcomes of the three BEST methods was performed by a statistical analysis.
Materials and Methods

Studied Sites and Structures
The city of Lyon experiences significant rainfall events. The average annual precipitation height is around 831.9 mm, corresponding to 104.1 rainy days . The studied stormwater management structures were located in the east of Lyon in Lyon university campus, which is a pilot site for urban green city renovation as part of the Lyon city Field Observatory for Urban Water Management (OTHU). The studied structures were a reference grass-covered embankment, an impervious parking lot, a drainage ditch, and a vegetated hollow core slab. They receive the same type of runoff, mainly originating from parking lots, sidewalks, and circulation lanes.
The reference structure was a grass-covered garden embankment that had no specific infiltration or storage design (Figure 1a,b) . Urban surfaces of this kind (gardens, parks, etc.) play an important role in ensuring rainwater infiltration. This structure was considered as a reference because it is the closest to natural soil. Infiltration tests were conducted in two different areas of this embankment, located within a dozen meters. They were called "Embk 1" and "Embk 2".
The first stormwater management structure was a parking lot incorporating a waterproof pavement (Figure 1c ). This structure is not an infiltration system. The parking lot surface is only expected to grant water runoff to a nearby receiving ditch. After four years of use, some parts of the parking lot surface were subject to alterations and cracks because of invasive plant colonization (Figure 1d ). In this study, it was referred to as "PKG-Int" and "PKG-Alt" for the intact and the altered areas, respectively. Both areas were studied separately to acknowledge the impact of invasive vegetation and surface deterioration on impervious surfaces.
The second structure was the drainage ditch, also called a dry swale, that receives the nearby waterproof parking lot runoff (Figure 1e ). It is an experimental structure that receives stormwater from a 302.3 m 2 catchment area. The bottom of this structure is waterproofed. Rainwater infiltrates through 300-600 mm of topsoil, then through a filtration geotextile membrane, before reaching a calibrated gravel layer connected to a 160 mm diameter draining pipe. The drain outlet effluents are gathered in an underground storage structure where water quality is monitored. This structure was referred to as "the Ditch."
The last studied structure was the vegetated hollow core slab, also called a concrete grid parking lot ( Figure 1f ). It is a grass-concrete reinforced structure that is able to support significant loads (the weight of cars, passage of pedestrians, etc.) and infiltrate rainwater and runoff through topsoil-filled cells. The structure underneath the topsoil is permeable and includes a geotextile filtration layer. The depth of topsoil in the cells is well conceived to ensure that the soil will not be compacted through usage. It was referred to as "Grid-PKG".
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Before starting a Beerkan test, the ground surface must be prepared. If the studied area is vegetated, plants must be cut while keeping the roots in situ. A ring is then positioned on the surface and embedded carefully, without destroying the soil's structure, to a depth of less than 1 cm in order to avoid lateral water losses. Bentonite can be used to secure the outer edges of the ring, especially in the case of coarse-textured soils. Constant water volumes are infiltrated successively through the ring under a surface-saturated condition, and the time needed for the entire infiltration of each volume is recorded. The test is stopped once the infiltration time is stabilized, i.e., when at least three consecutive infiltration times are identical [29] . In general, a set of 8-15 water volumes will achieve steady-state infiltration [18] . A sample is quickly collected at the end of the test from the ring center to determine the final volumetric water content. An undisturbed core is collected nearby the test spot to determine both soil bulk density and initial volumetric water content. Another soil sample is collected to determine the particle size distribution (PSD).
Beerkan tests were carried out on five different spots of Embk 1, two spots of Embk 2, seven spots of PKG-Int, six spots of PKG-Alt, seven spots along the Ditch, and eight cells of Grid-PKG. Infiltration rings of 15 cm diameter were used for all the tests, except for Grid-PKG for which 7.5 cm diameter rings were used so as to fit the cells' dimensions. 100 mL volumes of water were used for infiltrating.
To define the particle size distribution of each soil, the collected samples were oven dried before being manually sieved to a 1.3 mm particle size. Thereafter, a fine proportion of the soil matrix was analyzed by a laser particle size analyzer (Mastersizer 2000, Malvern, UK).
BEST Method for Hydraulic Parameter Estimation
The BEST method was developed to estimate hydraulic parameters K s and S, as well as shape parameters n, m, and η, and to define the water retention curve h(θ) and the hydraulic conductivity curve K(θ), determined by Equations (1) and (3), respectively.
The scale parameter D g and shape parameters M and N are estimated by fitting the cumulative frequency F(D) (Equations (8) and (9) in Table 1 ) to the particle size distribution of the soil's fine fraction (<2 mm). The estimation of the soil fractal dimension (Equations (10) and (11) in Table 1 ) then allows the computation of the shape index parameter p m (Equation (12) in Table 1 ) and subsequently the shape parameters n, m, and η directly by solving Equations (12)- (16) in Table 1 . Table 1 . Shape parameter estimation from particle size distribution analysis.
Shape Parameters from Particle-Size Analysis
Step-1: Fitting equation
F(D) is the cumulative frequency D diameter M and N shape parameters Dg scale parameter M, N and Dg are defined by optimizing the fit to the PSD (fraction < 1.3 mm) by the least square technique
Step-2: Solving for fractal dimension s (11) s fractal dimension of media ε soil porosity
Step-3: Shape parameters
η hydraulic conductivity shape parameter p tortuosity parameter * (10) and (11) Fuentes et al. 1998 [30] ; (12) and (13) The hydrodynamic parameters K s and S are estimated by fitting experimental infiltration data to the analytical axisymmetric infiltration model of Haverkamp et al. (1994) [32] (Equations (17)- (21) in Table 2 ). They can be calculated by the three BEST methods: Slope, intercept, and steady. The three methods define K s and S by making different use of the parameters i exp and b exp , which are both estimated by a linear regression analysis of the data that describes the steady-state condition of the cumulative infiltration curve I(t). BEST-slope and BEST-intercept are based on the model of Haverkamp et al. (1994) [32] that fits transient-state experimental data to estimate sorptivity S and then the saturated hydraulic conductivity K s . BEST-slope uses the slope i exp (Equations (22) and (23) in Table 2 ), and BEST-intercept uses the intercept b exp (Equations (24) and (25) in Table 2 ), whereas BEST-steady uses both parameters and does not require additional experimental data fitting (Equations (26) and (27) in Table 2 ). Table 2 . Estimation of hydrodynamic parameters K s and S by the Beerkan estimation of soil transfer parameters (BEST) methods using the model of Haverkamp et al. (1994) [32] .
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Estimates of Ks and S by the three BEST methods were statistically analyzed. In order to evaluate the influence of the studied structure on the variance of parameters Ks and S, one-way ANOVA tests were performed. These tests can be used to determine any statistical significance between variables by calculating two main parameters: The F-value, which is the ratio of the variation between sample means to the variation within the sample, and Pr(>F), which represents the non-significance hypothesis probability. Pr(>F) should be compared to a critical significance level, usually 5%, in order to assess the non-significance of the hypothesis.
Normal/log-normal distribution verifications of both parameters Ks and S were elaborated by using the Quantile-Quantile (QQ) plots and the Kolmogorov-Smirnov tests (R core team, 2013). QQ plots represent the quantiles of experimental data against theoretical probability distribution quantiles, in our case, the normal or log-normal distribution. The distribution is considered to be normally or log-normally distributed if the points in the QQ plot are arranged close to the first bisector y = x. The Kolmogorov-Smirnov (K-S) test quantifies the distance between the reference distribution and the studied sample distribution. This test calculates the parameter D-value that represents the maximal distance between the two distributions and the parameter p-value that refers to the probability of observing a higher distance than the D-value. The p-value should be compared to 
Estimates of K s and S by the three BEST methods were statistically analyzed. In order to evaluate the influence of the studied structure on the variance of parameters K s and S, one-way ANOVA tests were performed. These tests can be used to determine any statistical significance between variables by calculating two main parameters: The F-value, which is the ratio of the variation between sample means to the variation within the sample, and Pr(>F), which represents the non-significance hypothesis probability. Pr(>F) should be compared to a critical significance level, usually 5%, in order to assess the non-significance of the hypothesis.
Normal/log-normal distribution verifications of both parameters K s and S were elaborated by using the Quantile-Quantile (QQ) plots and the Kolmogorov-Smirnov tests (R core team, 2013). QQ plots represent the quantiles of experimental data against theoretical probability distribution quantiles, in our case, the normal or log-normal distribution. The distribution is considered to be normally or log-normally distributed if the points in the QQ plot are arranged close to the first bisector y = x. The Kolmogorov-Smirnov (K-S) test quantifies the distance between the reference distribution and the studied sample distribution. This test calculates the parameter D-value that represents the maximal distance between the two distributions and the parameter p-value that refers to the probability of observing a higher distance than the D-value. The p-value should be compared to a critical statistics threshold in order to decide if the sample is normally or log-normally distributed. Usually, 5% is used.
For each test, the estimations of parameters K s and S were plotted as a function of the average of the BEST-slope, intercept, and steady estimates in order to compare the three methods. Linear regression models were then used to test the correlation between K s and S and assimilate soil capillary and gravity drainage functioning.
BEST graphs and estimations were elaborated by using the open-source software Scilab, while R was used for the statistical analysis (R Core Team, 2013). Box-and-whisker plots were used to represent the estimates of K s , S, and λ m . They are able to depict each structure's statistic values: The median, the upper, and lower quartiles and the highest and lowest values. This representation can be used to compare the studied structures and assimilate variability within the same structure.
Results and Discussion
Hydrodynamic Characteristics of SuDS
All soils have mainly a silty-sandy texture (Figure 2a,b) . Particle size distributions of the fine fractions (<1.3 mm) revealed the bi-modality of the waterproof parking lot and the Ditch. The proportion of coarser particles (>1.3 mm) varied between 5% (Embk 2) and 66% (waterproof parking lot, PKG-Int, or PKG-Alt) of the sample's total weight. Shape parameters n, m, η, and c p were defined from fine fraction PSD fitting (Figure 2c ). The waterproof parking lot and the Ditch had similar shape parameter values, slightly lower than the other soils (Table 3) . Grid-PKG and both the studied embankments had close values. Examples of experimental Beerkan cumulative infiltration curves of each structure are presented in Figure 3 . The conducted tests on both areas of the reference garden embankment showed a significant infiltration flow in Embk 1 (infiltration rate ≈ 10 −1 mm s −1 ), whereas a low infiltration rate was recorded in Embk 2 (infiltration rate ≈ 10 −2 mm s −1 ). This finding can be explained by the narrow particle size distribution of Embk 2 and its low proportion of coarse particles (>1.3 mm). Apart from the potential presence of biological pores, such as earthworm channels, macropores were accordingly almost inexistent in this structure. Besides, a comparison of the initial and final water contents indicated that θ final ≈ 1.5 θ initial , which suggests that the soil was initially very wet. Microporosity, which was the overriding porosity in this structure, must have been nearly saturated from the beginning of infiltration. This observation also explains the absence of an infiltration transient state on the infiltration curves (Figure 3a) . These conditions are susceptible to lead later to erroneous estimations of the hydraulic parameters by the BEST methods.
infiltration curves (Figure 3a) . (Figure 3b ). This was due to the presence of cracks and macropores created by plant roots. It is important to note that the mean infiltration rate of PKG-Int was 2.2 × 10 −2 mm s -1 . This is greater than 10 −5 mm s -1 , which is the reference value to qualify a soil as pervious [34] . These results show that the surface coating of this parking lot was inefficient in both altered and intact areas because of a design failure and erodible material choice.
Infiltration curves of the drainage ditch revealed infiltration rates in the order of 9 × 10 −2 mm s -1 (Ditch-a in Figure 3c ). The marked concavity at the first moments of infiltration reflected the importance of capillary forces (i.e., significant sorptivity). At some spots for this structure, the infiltration curves showed a sudden increase after a certain infiltration time (Ditch-b in Figure 3c ). This was probably related to the presence of swelling organic matter in the soil creating a capillary barrier effect [16, 35] , which favored evolution of preferential pathways around the organic matter zones. It might also have resulted from pore clogging induced by siltation in some areas. Structures with infiltration rates greater than 10 −2 mm s -1 are potentially exposed to this phenomenon [9] . The risk of pore clogging was more important in the Ditch since the nearby parking lot ensured that the runoff held a high proportion of silt and was, above all, subject to erosion. Another interpretation is possible regarding the consistence of the pollutants the Ditch was susceptible to receive. In fact, the parking lot surface could potentially have been covered by greasy car emissions. These hydrophobic pollutants were carried by rainwater and end up on the Ditch surface, leading in the same way as organic matter to a barrier effect [16] .
In Grid-PKG, the mean infiltration rate was 3.4 × 10 −2 mm s -1 . This low infiltration capacity was probably due to clogging [36] [37] [38] or hydrophobicity effects. The extremely low initial volumetric water content in this structure (θfinal = 13 θinitial) may have led to water repellency at the beginning of the infiltration tests. Water repellency can be expected when soil water content is below a threshold value [39] . This case illustrates the importance of water content history knowledge to predict the hydrodynamic behavior of a soil. Vegetation was also dense in the Grid-PKG cells. Biofilms on plant roots may have been the origin of this hydrophobic behavior [40, 41] . The fitting of Haverkamp's equations (Equations (17) and (18) in Table 2 ) [32] on Beerkan curves could be used to estimate S and Ks by the three BEST methods; this is shown in Figure 4 . Embk 1 had significant values of Ks and S. Its saturated hydraulic conductivity was significant due to the wide particle size distribution favoring the presence of macropores and, thus, gravity flow [42] [43] [44] . At the same time, the presence of a large proportion of fine materials (silt) led to significant sorptivity values [45] . The lowest values of Ks and S were obtained by Embk 2 as a consequence of its narrow particle size and low proportion of fine particles. The Beerkan infiltration curves revealed a big difference in infiltration capacity between PKG-Int and PKG-Alt. The flow at the level of the altered area was approximately four times greater than that of the intact area (Figure 3b ). This was due to the presence of cracks and macropores created by plant roots. It is important to note that the mean infiltration rate of PKG-Int was 2.2 × 10 −2 mm s −1 . This is greater than 10 −5 mm s −1 , which is the reference value to qualify a soil as pervious [34] . These results show that the surface coating of this parking lot was inefficient in both altered and intact areas because of a design failure and erodible material choice.
Infiltration curves of the drainage ditch revealed infiltration rates in the order of 9 × 10 −2 mm s −1 (Ditch-a in Figure 3c ). The marked concavity at the first moments of infiltration reflected the importance of capillary forces (i.e., significant sorptivity). At some spots for this structure, the infiltration curves showed a sudden increase after a certain infiltration time (Ditch-b in Figure 3c ). This was probably related to the presence of swelling organic matter in the soil creating a capillary barrier effect [16, 35] , which favored evolution of preferential pathways around the organic matter zones. It might also have resulted from pore clogging induced by siltation in some areas. Structures with infiltration rates greater than 10 −2 mm s −1 are potentially exposed to this phenomenon [9] . The risk of pore clogging was more important in the Ditch since the nearby parking lot ensured that the runoff held a high proportion of silt and was, above all, subject to erosion. Another interpretation is possible regarding the consistence of the pollutants the Ditch was susceptible to receive. In fact, the parking lot surface could potentially have been covered by greasy car emissions. These hydrophobic pollutants were carried by rainwater and end up on the Ditch surface, leading in the same way as organic matter to a barrier effect [16] .
In Grid-PKG, the mean infiltration rate was 3.4 × 10 −2 mm s −1 . This low infiltration capacity was probably due to clogging [36] [37] [38] or hydrophobicity effects. The extremely low initial volumetric water content in this structure (θ final = 13 θ initial ) may have led to water repellency at the beginning of the infiltration tests. Water repellency can be expected when soil water content is below a threshold value [39] . This case illustrates the importance of water content history knowledge to predict the hydrodynamic behavior of a soil. Vegetation was also dense in the Grid-PKG cells. Biofilms on plant roots may have been the origin of this hydrophobic behavior [40, 41] .
The fitting of Haverkamp's equations (Equations (17) and (18) in Table 2 ) [32] on Beerkan curves could be used to estimate S and K s by the three BEST methods; this is shown in Figure 4 . Embk 1 had significant values of K s and S. Its saturated hydraulic conductivity was significant due to the wide particle size distribution favoring the presence of macropores and, thus, gravity flow [42] [43] [44] . At the same time, the presence of a large proportion of fine materials (silt) led to significant sorptivity values [45] . The lowest values of K s and S were obtained by Embk 2 as a consequence of its narrow particle size and low proportion of fine particles. (Figure 4 ). Its saturated hydraulic conductivity was significant due to the presence of cracks created by plants roots favoring gravity flow. This structure was also composed of a high proportion of fine materials (silt and clay), leading to significant sorptivity values. The parking lot area had the largest variation range of both parameters Ks and S because of the soil heterogeneity, regarding vegetation density and erosion extent. Lower values of saturated hydraulic conductivity and sorptivity were observed for PKG-Int.
Estimates of Ks and S for Ditch were in approximately the same order as the reference structure Embk 1, unlike Grid-PKG that had lower values. This result was in agreement with its low infiltration rates. By considering the average values of saturated hydraulic conductivity and sorptivity for each BEST method, characteristic curves h(θ) and K(θ) were established by using Equation (1) of van Genuchten [20] and Equation (3) of Brooks and Corey [22] (Figure 5 ). The three BEST methods gave similar results. Water retention curves of PKG-Int, PKG-Alt, and the Ditch had a sudden variation with θ, represented by a steeper slope. Their hydraulic conductivity curves also evolved with θ quicker than the other structures. This resulted from their high proportion of coarse particles and their bimodal particle size distribution (Figure 2a,b) . This proportion of coarse material presented a wide range of macropores that were the first to be hydraulically activated at the beginning of infiltration at high pressure and accordingly had higher saturated hydraulic conductivities [18] ( Figure 5 ). This explains the rapid response of h(θ) and K(θ). Moreover, because of their bimodal PDS, PKG-Alt had the highest values of K s and S (Figure 4 ). Its saturated hydraulic conductivity was significant due to the presence of cracks created by plants roots favoring gravity flow. This structure was also composed of a high proportion of fine materials (silt and clay), leading to significant sorptivity values. The parking lot area had the largest variation range of both parameters K s and S because of the soil heterogeneity, regarding vegetation density and erosion extent. Lower values of saturated hydraulic conductivity and sorptivity were observed for PKG-Int.
Estimates of K s and S for Ditch were in approximately the same order as the reference structure Embk 1, unlike Grid-PKG that had lower values. This result was in agreement with its low infiltration rates.
By considering the average values of saturated hydraulic conductivity and sorptivity for each BEST method, characteristic curves h(θ) and K(θ) were established by using Equation (1) of van Genuchten [20] and Equation (3) of Brooks and Corey [22] (Figure 5 ). The three BEST methods gave similar results. Water retention curves of PKG-Int, PKG-Alt, and the Ditch had a sudden variation with θ, represented by a steeper slope. Their hydraulic conductivity curves also evolved with θ quicker than the other structures. This resulted from their high proportion of coarse particles and their bimodal particle size distribution (Figure 2a,b) . This proportion of coarse material presented a wide range of macropores that were the first to be hydraulically activated at the beginning of infiltration at high pressure and accordingly had higher saturated hydraulic conductivities [18] (Figure 5 ). This explains the rapid response of h(θ) and K(θ). Moreover, because of their bimodal PDS, once the water pressure reached the activation value of the average size pores corresponding to the first distribution mode, most of the pores became saturated. Consequently, h(θ) and K(θ) varied steeply with θ [18] .
For the other structures, the water retention curves had smoother slopes with a plateau because of their fine and extended particle size distribution. Their pores were gradually saturated, which explains the slower variation of K(θ) and h(θ). For the other structures, the water retention curves had smoother slopes with a plateau because of their fine and extended particle size distribution. Their pores were gradually saturated, which explains the slower variation of K(θ) and h(θ). Parameter λm, the mean characteristic radius of hydraulically activated pores, was calculated for each structure after Equation (7) by using hydraulic conductivity, Ks, and sorptivity, S, estimates by the three BEST methods. The mean pore radii of the studied structures varied in the intervals [18- Parameter λ m , the mean characteristic radius of hydraulically activated pores, was calculated for each structure after Equation (7) by using hydraulic conductivity, K s , and sorptivity, S, estimates by the three BEST methods. The mean pore radii of the studied structures varied in the intervals [18- Parameter λm, the mean characteristic radius of hydraulically activated pores, was calculated for each structure after Equation (7) by using hydraulic conductivity, Ks, and sorptivity, S, estimates by the three BEST methods. The mean pore radii of the studied structures varied in the intervals [18- Apart from Grid-PKG and Embk 2, the three BEST methods gave proximate results for the rest of the studied structures. The obtained values also matched their corresponding observed mean infiltration rates (Table 4) . Structures with high mean hydraulically activated pore radii were most likely to have a significant infiltration flow and vice versa. The largest differences between the three Apart from Grid-PKG and Embk 2, the three BEST methods gave proximate results for the rest of the studied structures. The obtained values also matched their corresponding observed mean infiltration rates (Table 4) . Structures with high mean hydraulically activated pore radii were most likely to have a significant infiltration flow and vice versa. The largest differences between the three methods and the least coherent results were noticed in Grid-PKG and Embk 2. The calculated mean radii of these two structures were very significant and did not correspond to their slow infiltration flows. Their special hydric initial conditions explain the erroneous estimates for K s and S. For Embk 2, the soil was initially very wet, a steady state was quickly reached, and thus, the transient state was poorly described. This implies an incorrect estimation of sorptivity, especially in the cases of BEST-slope and BEST-intercept, which rely on transient-state data fitting. For Grid-PKG, soil water repellency made steady-state infiltration hardly reachable. Hence, too few data points were collected, which confused the BEST-slope and intercept results [16, 17 ]. Parameter K s was then overestimated, and S was under-estimated [46] , which explains the overestimation of λ m . Accordingly, it is important to make sure that while conducting a Beerkan infiltration test a steady state is reached, and the soil is initially dry enough to acquire transient-state describing data. In general, it must meet the condition θ initial < 0.25 θ saturated [32] , without being overly dry to avoid water repellency problems [39] . 
Statistical Analysis of the Three BEST Methods
A comparison between K s and S values, as well as the characteristic curves K(θ) and h(θ) obtained by the three BEST methods, shows globally coherent results. This outcome was confirmed by the correlation coefficients. A considerable correlation between BEST-slope and BEST-steady was observed in terms of both parameters K s and S (coeff(K s ) = 0.93 and coeff(S) = 0.99). A slightly weaker correlation was noticed between BEST-slope and BEST-intercept for the parameter K s (coeff(K s ) = 0.60). BEST-slope failed to properly calculate K s and S in some cases (4 tests out of 43). This was probably due to the lack of precision when choosing steady-state points, especially in low permeability soils where steady-state could hardly be achieved. It could also result from the soil's initial hydric conditions that could distort the description of the transient state [16, 17] . The first infiltration moments are the moments when capillary forces are predominant. When initial water content was high, the infiltration curve did not represent the sorptivity impact which influenced the calculations of both S and K s .
One-way ANOVA tests on parameters K s , S, and the average infiltration rate (IR) allowed F-values and Pr(>F) to be calculated. For K s , F-value = 4.325 and Pr(>F) = 0.00462. For S, F-value = 16.4 and Pr(>F) = 1.09 × 10 −7 . For IR, F-value = 7.284 and Pr(>F) = 1.59 × 10 −4 . These results suggest that the variability of K s , S, and IR of the different structures (with a threshold of significance of 5%) was significant compared to the variability within the same structure.
The normality tests showed that sorptivity, S, is normally distributed, while saturated hydraulic conductivity is log-normally distributed, as shown in the QQ plots (Figure 7 ). This result was confirmed by the Kolmogorov-Smirnov tests, for which we considered a threshold value of 5% (Table 5 ). Similar observations were made as part of other studies of the BEST methods [17] . For each test, Ks was represented as a function of the geometric average of the estimations by the three BEST methods (Ks being log-normally distributed), and S was represented as a function of the arithmetic average (S being normally distributed) (Figure 8 ). The three methods gave results ranging around the mean with a slight underestimation of the sorptivity by BEST-slope and a minor For each test, K s was represented as a function of the geometric average of the estimations by the three BEST methods (K s being log-normally distributed), and S was represented as a function of the arithmetic average (S being normally distributed) (Figure 8 ). The three methods gave results ranging around the mean with a slight underestimation of the sorptivity by BEST-slope and a minor overestimation of the same parameter by BEST-steady. Therefore, use of the geometric average of K s and the arithmetic average of S to plot K s vs. S can be justified. The obtained Ks vs. S plot defines a point cloud with a positive slope tendency (dashed line in Figure 9 ). This plot displays two groups of soils. The first group contained tests with low values and low variance of both parameters Ks and S. They belonged mainly to Embk 2, PKG-Int, and Grid-PKG. These structures had a low infiltration capacity due to their initial hydric condition and/or their homogenous particle size distribution. The second group contained the rest of the structures that had significant and diffuse values of Ks and S due to their heterogeneous textures and structures: Extended PSD, large fraction of fine particles, presence of macropores, cracks, vegetation, etc. The obtained K s vs. S plot defines a point cloud with a positive slope tendency (dashed line in Figure 9 ). This plot displays two groups of soils. The first group contained tests with low values and low variance of both parameters K s and S. They belonged mainly to Embk 2, PKG-Int, and Grid-PKG. These structures had a low infiltration capacity due to their initial hydric condition and/or their homogenous particle size distribution. The second group contained the rest of the structures that had significant and diffuse values of K s and S due to their heterogeneous textures and structures: Extended PSD, large fraction of fine particles, presence of macropores, cracks, vegetation, etc. Figure 9 ). This plot displays two groups of soils. The first group contained tests with low values and low variance of both parameters Ks and S. They belonged mainly to Embk 2, PKG-Int, and Grid-PKG. These structures had a low infiltration capacity due to their initial hydric condition and/or their homogenous particle size distribution. The second group contained the rest of the structures that had significant and diffuse values of Ks and S due to their heterogeneous textures and structures: Extended PSD, large fraction of fine particles, presence of macropores, cracks, vegetation, etc. This representation of Ks vs. S enables the infiltration flow to be indexed, in a general way, as predominantly sorptive or gravity driven. For SuDS, this information can be crucial to pertinently choosing conception materials that allow both good infiltration and retention capacity. Soils with high values of Ks and S would be the best options to ensure good functioning. Following the evolution of the point cloud of a SuDS through time with this representation could also be interesting, in order to identify the origin of a possible malfunction.
Conclusions
The three BEST methods gave globally similar results and enabled the most important hydrodynamic parameters of the studied SuDS to be successfully determined. However, under This representation of K s vs. S enables the infiltration flow to be indexed, in a general way, as predominantly sorptive or gravity driven. For SuDS, this information can be crucial to pertinently choosing conception materials that allow both good infiltration and retention capacity. Soils with high values of K s and S would be the best options to ensure good functioning. Following the evolution of the point cloud of a SuDS through time with this representation could also be interesting, in order to identify the origin of a possible malfunction.
The three BEST methods gave globally similar results and enabled the most important hydrodynamic parameters of the studied SuDS to be successfully determined. However, under extreme water content conditions, either initially very dry or very wet soils, the obtained results of the three methods were less accurate.
SuDS are accumulation points of rainwater, which makes of them a source of possible contaminant transfer toward the water table. The application of the BEST method allowed to evaluate the risk of dysfunctioning, related to their infiltration capacity or contaminant retention, through the study of hydrodynamic parameters K s and S, water retention curve h(θ), and hydraulic conductivity curve K(θ). It also allowed the representation of soils in terms of their sorptivity/gravity infiltration capacity, in order to identify malfunctioning SuDS.
This study showed that continuous monitoring of SuDS infiltration capacity is essential, especially when structures are subject to erosion, as was the case of the studied waterproof parking lot that turned out to be permeable because of a design defect. The invasive vegetation in the altered areas led to high infiltration flows. This means that a significant proportion of the parking lot runoff was infiltrated before reaching the ditch, which presents an important hazard of contaminants (e.g., automobile emissions) being transferred to the underlying groundwater. The increase of the infiltration flow in the altered areas by invasive vegetation has already been the subject of other research [47] . This observation shows the interest in regular maintenance of these kinds of structures in order to ensure their proper functioning.
The potential presence of organic matter in the Ditch caused a slope variation in some infiltration curves. Residues of plants and leaves and the presence of hydrophobic substances in the runoff can enhance local hydrophobic behavior in soils [16, 48] .
Embk 1 displayed an infiltration flow and hydrodynamic behavior almost identical to the Ditch. This observation confirms that urban natural surfaces can be as effective as sustainable drainage structures in terms of infiltration capacity. However, in some of the studied soils, we noted low infiltration flows in both natural surfaces and drainage systems, as was the case in Embk 2 and Grid-PKG, because of their extremely high/low initial water content conditions, as well as their specific particle size distributions. When local soil is used in such systems, its hydrodynamic characteristics should be checked.
The obtained results on the studied SuDS are not meant to be generalized. This study shows that the hydrodynamic properties of each structure depend on multiple conditions (PSD, hydric content, vegetation cover, etc.). Similar functioning cannot be expected for two SuDS of the same design. This case study only shows that Beerkan tests combined with the BEST method can be effective in following the evolution of the hydrodynamic functioning of SuDS throughout their usage. 
